Based on molecular dynamics simulations, the formation possibility of molecular junctions between two tailored graphene sheets under ultrafast laser irradiation was investigated. It was found that single layer graphene sheet can survive under significantly high intensity of laser beam. The fluctuations of graphene sheets in the plane and out of plane under laser irradiation provided the "driving power" for the possible joining process. The relative position of two graphene sheets can influence the joining difficulties and this influence was found to be attributed to the dangling bonds of edges. The saturation of dangling bonds can prompt the self-assembly of carbon networks in the joining area and lead to the connection of two graphene sheets.
Introduction
Graphene, as a single layer of carbon atoms with a honeycomb lattice, has attracted great attention due to its extraordinary properties in different fields. It is said the charge mobility of graphene exceeds 15000 cm 2 V s ¹1 even under ambient conditions 1) and a half integer quantum Hall Effect exists in its structure, which indicates the presence of charge carriers with vanishing mass.
2) The thermal conductivity of graphene was found to be length dependent and can reach a value of 5000 W m ¹1 K ¹1 , 3) and the Young's modulus of graphene is around 1 TPa. 4) Various applications of graphene in nanoscale devices have been described. 5, 6) To make full use of the potential values of graphene, we sometimes have to connect graphene sheets with other electronic devices together or even join two graphene sheets to make an assembly, while there are still few researches being reported on techniques connecting two graphene sheets together. The issue of connecting carbon nanotubes, an allotrope of graphene, has generated considerate interest 10 years ago. 7) It is said the joined nanotubes can be used to build blocks of various nanoscale electronic devices. 8) Twoterminal and multiterminal heterostructures by connecting carbon nanotubes can have special use such as nanoscale transistor devices.
9) The joined graphene may obtain a sheet with desired size, shape and orientation, which is predicted to be strongly demanded in nanoscale electronic devices as joined carbon nanotubes. Although the joining of individual graphene sheets has already been realized experimentally by applying a voltage, 10) the microscopic joining mechanism and the influence factors to the joining process are still unclear.
In this work, classics molecular dynamics simulations were used to elucidate the joining possibilities of two tailored graphene sheets by ultrafast laser irradiation in nanoscale. We first investigated the damage threshold of single layer graphene to find the suitable laser power density for the joining process. Then the thermal fluctuations of graphene sheet under ultrafast laser beam were discussed to figure out the "driving power" that promotes the possible formation of molecular junctions. Under this "driving power", the influence of the relative position of two graphene sheets to the joining difficulties was researched. The current mechanism of the joining process will be discussed at last.
Simulation Method
In the following simulations, we first calculated the thermal response of a single layer graphene sheet under laser irradiation with different pulse width and gradually elevated laser energy, and discussed the suitable laser energy for the joining studies. Then using an energy density of 4.29 © 10 8 W cm ¹2 , which will not cause any damage to the graphene, we simulated the thermal fluctuations of graphene sheet under laser irradiation with a model dimensions around 50 ¡ © 100 ¡ with free boundary condition. The pulse width of ultrafast laser is 5 ps. The ultrafast pulses can be generated in a Ti:Sa laser amplifier and the wavelength is supposed to be 790 nm. Afterwards five different joining trials were proceeded to explore how the relative positions can influence the joining process with the same laser parameters as noted above. To illustrate the five geometry relative positions of two graphene sheets in our studies and how these joining processes can be conducted experimentally, we described the possible experimental setup for this simulation process in Fig. 1 . As described in Ref. 10 ), the graphene sheets should be fixed onto a stage before realizing different relative positions of the joining process. As seen in Fig. 1(a) , we can attach one side of single layer graphene sheet with a metal tip, which is fixed to an electrical holder, and approach another metal probe to the other side of the graphene sheet. This metal probe is fastened to a movable electrical holder, and the X, Y and Z position of the metal probe can be adjusted through the piezo-driven manipulator in nanoscale precision. Thus we can let the other side of graphene sheet attach to the metal probe. Then a current is applied to weld the graphene sheet with metal tip and metal probe, so as to make a firm contact between the graphene sheets and the tip and the probe. Next we can use some methods, such as ion beam irradiation, electron beam irradiation or by applying a relative high voltage, to break this graphene sheet into two segments as shown in Fig. 1(b) . As noted above, each of the + Graduate Student, Tsinghua University segments is fixed firmly to a metal base, so after moving the graphene sheet adhered on the metal probe by the piezodriven manipulator, different geometry relative positions of two graphene segments can be obtained, as shown in Fig. 1(c) . The joining cases studied later are all based on this possible manipulation process. The boundaries of the graphene sheet adhered to the tip or probe are fixed in the simulations, which is defined as fixed boundary condition. In the simulations, the two graphene sheets both have armchair chirality and the dimensions are also around 50 ¡ © 100 ¡. For all the simulations, classical molecular dynamics 11) were used because of its successful application in the simulations of SWNT joining process 12) and thermal conductivity of graphene nanoribbons. 13) Molecular dynamics software package LAMMPS 14) with the adaptive intermolecular reactive bond order (AIREBO) potential 15) was employed to simulate the movement of carbon atoms in the joining process. All of the models were relaxed at 300 K temperature until the system achieves equilibrium state using canonical ensemble (NVT) before the laser irradiation. The system was also equilibrated under energy conservation conditions until the temperature won't change any more after the laser irradiation. The laser energy was simplified as heat flux for all studies and due to the spot size of laser is much larger than the nanoscale graphene sheets, the heat flux was inputted to the whole plane.
Results and Discussions

The single-shot laser damage threshold of graphene
With the advantages of nanometer spatial resolution and 3D prototyping capability, femtosecond laser has already been used in the structural modifications 16) of graphene film. While in those studies, the laser fluence is relatively high and will induce irreversible damage to the system. In this study, all the simulations need to be proceeded without any damage to the graphene sheets. To obtain proper pulse energy for ultrafast laser, we firstly irradiated graphene with different laser power density to find a single-shot laser damage threshold for single layer graphene. The pulse duration in the simulation was adopted as 50 fs, 200 fs and 1.6 ps respectively to get a comparison with the experimental results displayed in Ref. 17 ).
The damage threshold for different pulse durations were shown in Fig. 2 . We can see from both the experiment results and simulation results that graphene can survive under significantly high intensity, which can reflect the difficulties of the bond breaking processes. The shorter the laser pulse, the higher the intensity threshold. While the simulation result is a little smaller than the experiment result, the reason is located in the different definition of the damage threshold. In Ref. 17) , the damage threshold is defined as the point at which a single laser pulse exposure creates a hole in the carbon lattice, while in our study, due to the limitation of the model size, the damage threshold is defined as the point at which a single laser pulse exposure can create obvious sputter of carbon atoms. It needs more energy to create a hole in the carbon lattice. Nevertheless the simulation results were close to and compared well the experiment results. Using the same methods, we calculated the damage threshold of single laser pulse with duration of 5 ps and got a value of 1.739 © 10 10 W cm
¹2
, which corresponds to a threshold of 2.81 eV/atom, this value is very close to the theoretically predicted threshold of 3.3 « 0.3 eV/atom 18) for ultrafast ablation of graphite film. As suggested by Ref. 17) , the safe working regime for femtosecond pumpprobe studies and non-linear applications should be smaller than 10 10 W cm ¹2 , the laser energy we used in the following studies is 4.29 © 10 8 W cm ¹2 , which will not cause any damage to the graphene as the results show.
Thermal fluctuations of graphene sheets
Thermal expansion, an effect caused by the anharmonicity of the interatomic potential, 19) is one of the basic properties for most solids. Nonetheless, there are quite a lot of solids that contracting upon heating. Such as graphite, it has a negative expansion coefficient in the sp 2 -bonded basal plane direction and positive expansion coefficient in the direction perpendicular to basal plane at room temperature. 20) With a one-atom layer sp 2 -bonded carbon atom crystal lattice, graphene is clearly confirmed by experiments with a thermal contraction of ¡ below room temperature. 21) It is also demonstrated by atomistic simulation that freestanding graphene shows a decreasing in-plane lattice parameter a below 500700 K. 22) Thus, if one wants to realize the joining of two separated graphene sheets using laser energy, an alternative way is to continually increase the energy of ultrafast laser to reach the expansion state, which will damage the structure of graphene and severely influence its properties, or we need to find other "driving power".
External pressure may be used to form the molecular junctions between two graphene sheets, but it is not easy to achieve a pressure conditions in nanoscale. It is reported that graphene exists low-lying vibrational excitations and will present large-scale ripples perpendicular to the graphene plane at equilibrium. 23) This fluctuation out of graphene plane may offer the "driving force" to pull the two sheets together and was researched firstly with a gradually increased temperature.
The variation of the length of the whole armchair graphene sheets and Z direction (vertical direction to the plane) displacement of an edge atom with increased temperature were depicted in Fig. 3 . The change of the length of graphene sheet shown in Fig. 3(a) described a periodic thermal expansion and contraction of graphene sheet in plane, which is the result of thermal fluctuation of graphene sheet in the direction perpendicular to the plane represented by the Z direction displacement shown in Fig. 3(b) . There was an average thermal expansion of graphene sheet under relative high temperature and an obvious fluctuation out of plane with increased temperature, as stated above. The dynamics thermal expansion and contraction process can offer the possibility for the graphene to be joined side-by-side at the elongation moment, meanwhile the dynamics fluctuation out of the plane provides the possibility for the graphene sheets to be joined when they are not in the same plane.
The configurations of graphene sheets after laser irradiation were shown in Fig. 4 . It is noticeable that the fluctuation out of plane appears both along the armchair direction and zigzag direction, which declares the possibility of graphene joining in both directions. The amplitude of the ripples of graphene sheets varies slightly when the width of the sheets is larger than 50 ¡, thus the following studies didn't care about the width influence of graphene sheets.
So it is the dynamics fluctuations of graphene sheets in plane and out of plane that give the "driving power" to realize the formation of molecular junctions in relative low temperature. The different joining cases studied in the following sections are based on the mechanism explained above.
Molecular junctions formed during different joining
processes The thermal fluctuations of graphene give the "driving power" to form molecular junctions along the graphene plane direction and the vertical direction. To explore in which conditions the two graphene sheets can be connected and how the relative positions can influence the joining process, five different joining cases were tried. Two graphene sheets with the dimensions around 50 ¡ © 100 ¡ were used and the pulse width of ultrafast laser is 5 ps, the energy density of ultrafast laser is 4.29 © 10 8 W cm
¹2
, which is far below the damage threshold of graphene as described above. We kept the model size unchanged and the laser parameters as constant values to research the influence of the relative position.
(A) Overlap joining
As for general joining cases, we usually place one sheet overlaying on another within a distance. This overlap joining method can provide strong junctions for most macroscopic connections. To explore the molecular junction's formation possibility of overlap joining for graphene in nanoscale, two graphene sheets with the dimensions around 50 ¡ © 100 ¡ and half width of each graphene sheet overlaps with the other were considered. The graphene sheets would present fluctuation feature as noted before, which was shown in Fig. 5 . It is worth noting that from the configuration of graphene after laser irradiation, the two sheets can't be connected, i.e., no molecular junctions were formed between the up and down sheets. In fact, besides ripple characteristic, the graphene sheets kept its original structure with honeycomb crystal lattice unchanged. Reference 10) experimentally predicted the same conclusion for overlap graphene joining case. Reference 12) tried to joined two crossed and overlapped carbon nanotubes with an elevated temperature and found no joining results occurred.
(B) Butt joining
Side by side joining case, which is also called butt joining, is also common in practical industrial applications. Of course, most macro butt joining cases will add solder to the welding line, while in this study, there was no solder added for all cases. The configuration of graphene sheets after laser irradiation was plotted in Fig. 6 . It is obvious that molecular junctions were formed along the gap area and the two graphene sheets were soundly joined with the given parameters. The periodic expansion and contraction process of graphene sheets give the "driving power" for the joining possibility and the molecular junctions would take shape in the elongation moment. It is proved that the amplitude of wave process will decrease with the reduction of laser energy, so the two graphene sheets can't be joined any more when the energy is below a critical value.
(C) Dislocated butt joining
Sometimes the horizontal alignment of two graphene sheets can't be achieved, there may be some offset in the vertical direction, so we moved one graphene sheet up and the other down from the aligned geometry to research the influence of vertical offset to the joining process, this case is called dislocated butt joining. The configuration of graphene sheets after laser irradiation for dislocated butt joining case was shown in Fig. 7 . It is understandable that due to the out of plane fluctuation, the two graphene sheets can be joined along the edge area. The connection looks perfect as the butt case, while the amplitude of ripples was larger than the butt joining case due to the initial dislocated butt separation. The valley of the fluctuation was located near the joining line area.
(D) T-joint fillet joining
In view of possible applications, theory predicts that "T" junction of carbon nanotube can act as a multiterminal electronic device, 9) as well as graphene sheets. The configuration of T-joint fillet joining graphene sheets after laser irradiation was depicted in Fig. 8 . Despite the potential application, molecular junctions can't be formed in this Tjoint fillet joining case. The fluctuation gives the possibility of joined results, but there must be some other essential conditions to form the molecular junctions. The Formation of Molecular Junctions between Graphene Sheets(E) Corner joining Corner joining case was put up as a comparison to the T-joint fillet joining case, it also has possible application in electronic devices. The two graphene sheets were placed perpendicularly with each other, and we tried to make them joined along the corner area. The result presented in Fig. 9 demonstrated that the molecular junctions can be formed between the two sheets. Unlike the perfect results of butt joining and dislocated butt joining case, there were lots of polygon defects along the joining line. These defects, which are induced by the mismatch of the two edges and can be eliminated under high temperature annealing, will weak the mechanical properties and influence the electronic and thermal properties of graphene as well. That means the relative position can also have influence to the property of molecular junctions along the edge area.
Discussions about the joining trials
The possibilities of the formations of molecular junctions for different cases were shown in Table 1 . Comparison shows that even though fluctuations in the plane and out of plane can offer the "driving power", the relative position of the two graphene sheets can have influence on the quality of the molecular junctions and even decides whether the junctions can form or not. Furthermore, the more deeply observation can conclude that the two sheets can only be joined at the edge area, so there must be some difference between edge area and middle place area. It is found that the graphene sheet has dangling bonds on its edges with high chemical activation, 24) these dangling bonds are chemical unstable and tend to be saturated. It was reported the bonding process of carbon nanostructure in nanoscale is due to the saturation of dangling bonds, 25) so the saturation of dangling bonds also urges the two graphene sheets to be connected along the gap area. To illustrate why the relative position of two graphene sheets can influence the joining possibilities, the saturation of dangling bonds for different joining trials was plotted in Fig. 10 . As shown in Fig. 10 , the edge atoms of graphene sheet have dangling bonds while the inner atoms are normally saturated. Thus if we try to join two graphene sheets in overlap joining case or T-joint fillet joining case, the edge atoms have to be saturated by inner atoms, which have no dangling bonds, so these two joining trials were failed, except that we use other methods, like ion beams irradiation, to induce dangling bonds for the inner atoms artificially. For the corner joining case, butt joining case and dislocated butt joining case, the edge atom with dangling bonds can be saturated by another edge atom with dangling bonds, thus Corner joining case Yes Fig. 10 The saturation of dangling bonds of the edge atoms for different joining cases.
these three joining cases could get the joined results. That means if one want to join two graphene sheets together, the dangling bonds for both parts are essential. The saturation of these dangling bonds facilitates the two sheets to be joined. The edge atoms of graphene sheets normally have dangling bonds, the defects induced by some methods, like electron beams irradiation or ion irradiation, can afford inner atoms with dangling bands as well. This implies that electron beams irradiation or ion irradiation may be an alternative methods to join two graphene sheets in overlapping geometry or Tjoint fillet geometry, which are on the proceedings of our research jobs.
As it is well known that the atoms diffusion will happen under the act of joule heating. For atoms in graphene sheets, Ref. 10) suggested that the emission current will cause atom diffusion and self-assembly and the rearrangement of carbon network along the edge space, so a method which joins individual graphene sheets by applying a voltage has been proposed. For this study, the energy of ultrafast laser will play the same role as the voltage, the similar joining results as well. The rearrangement of carbon network for these cases with the formation of molecular junctions can be clearly caught by comparing the configuration of graphene sheets before and after laser irradiation. Besides, the self-assembly process is the result of searching the minimum energy pathway.
26) The time dependences of potential energy for the processes with and without the formation of molecular junctions were shown in Fig. 11 . The potential energy quickly achieved a equilibrium value and kept unchanged in the time range of 04 picoseconds (equilibrium period) for each case, and then with the irradiation of laser energy from 4 picoseconds to 9 picoseconds, the potential energy would increase for all cases, while the molecular junctions' formation processes would increase more slowly due to the rearrangement of graphene structure and formation of molecular junctions, it demonstrates that the initial bonds would form rapidly after the irradiation of laser energy. The potential energy of corner joining case is a little higher compared to butt joining and dislocated butt joining case, which represents the unstable structure with defects in corner joining cases. The lowest potential energy for butt joining case demonstrated the formation of molecular junctions of butt joining was the fastest, and the decrease of potential energy implied the bonding process was so fast that the even exceeded the influence of external radiation. The bottom of potential energy for butt joining case means that this joining process may finish at this time (around 7.5 ps). The potential energy would keep unchanged after laser irradiation for the process without the formation of molecular junctions, which declared the structure of graphene reach a equilibrium state, while the potential energy would slowly decrease with time even after laser energy for dislocated butt joining case, which demonstrated that the rearrangement of structure and formation of molecular junctions will keep on proceeding, finally the joining process will finish and the potential energy will not change any longer when the structure of molecular junctions' formation process come to an equilibrium state again. The potential energy of butt joining case and corner joining case will keep unchanged after laser irradiation. So, Fig. 11 indicates four general steps of the self-assembly process: (I) Equilibrium of structure under room temperature conditions; (II) Initial bond formation and spreading due to the heat induced fluctuations; (III) The continuing formation of new bonds; (IV) The finishing of the formation of new bonds and new equilibrium state achieves. For some cases, the formation of new bonds will finished in the second stage, and the structure will achieve its equilibrium state in the third stage.
For a clear check of our predictions, ultrafast laser irradiation of graphene sheets with different relative positions would be required experimentally. Such experiment has not been performed on graphene so far. However, the laser induced nanojoining and welding of different materials have already been realized, 27) which indicates the possibilities to realize this ultrafast laser induced joining process. It is also experimentally demonstrated in Ref. 10 ) that under the heat flux induced by current, the two overlapped graphene can't be joined, nevertheless the two butted graphene sheets were easy to be joined. These results are in good agreement with our predictions. Of course, the experimental verifications of this theoretical prediction are expected and the possible experimental setup described in Fig. 1 should give a good inspiration to accomplish this task.
Conclusions
In summary, the atomistic simulations revealed that molecular junctions can be established between individual graphene sheets by using ultrafast laser beam irradiation. Single layer graphene can survive under significantly high intensity of laser beam and has a fairly high (I th ³ 1.74 © 10 10 W cm
¹2
) single-shot damage threshold under 5 ps laser pulse. Different relative positions of the two graphene sheets were attempted and the successful joining trials were found. It also demonstrated that dangling bonds of the two graphene sheets were essential to form these molecular junctions. Even though the final structures may be different due to the distinguished relative positions, the joining process would undergo a self-assembly process of graphene structure, and the energy would achieve a minimum value with the finish of joining process. The experimental verifications of this theoretical prediction are expected. 
